Objective-Macrophage expression of both apolipoprotein E (apoE) and ABCA1 have been shown to modulate lipid efflux from these cells and to play an important atheroprotective role in vivo. We evaluated the relationship between apoE and ABCA1 for regulating cellular sterol efflux. Methods and Results-ApoE-mediated, but ABCA1-independent, lipid efflux was demonstrated in 3 model systems. First, adenoviral-mediated expression of apoE in dermal fibroblasts isolated from ABCA1 Ϫ/Ϫ mice significantly increased both sterol and phospholipid efflux. Second, expression of human apoE in a macrophage cell line increased sterol efflux, and this increment in efflux was not reduced by suppressing ABCA1 expression. Third, reduction of apoE expression using an apoE small interfering RNA significantly reduced sterol efflux from ABCA1 Ϫ/Ϫ mouse peritoneal macrophages. ApoE-mediated, but ABCA1-independent, lipid efflux could be differentiated from lipid efflux that was dependent on the extracellular accumulation of secreted apoE, because exogenous cell-derived apoE stimulated efflux only from cells expressing ABCA1. Sterol efflux was usually highest in cells expressing both ABCA1 and apoE, likely representing a summation of the ABCA1-dependent and -independent pathways for apoE-mediated sterol efflux. Conclusions-ABCA1 expression is required for apoE-mediated efflux when endogenously synthesized apoE accumulates extracellularly. Our results, however, establish the existence of an ABCA1-independent pathway for lipid efflux that requires the intracellular synthesis and/or transport of apoE. (Arterioscler Thromb Vasc Biol. 2006;26:157-162.) 
M acrophages are the major source of apolipoprotein E (apoE) found in atherosclerotic lesions, 1 and the importance of macrophage-derived apoE for atheroprotection has been demonstrated in animal models. [2] [3] [4] Macrophage-derived apoE has been shown to have a number of properties that could contribute to an atheroprotective effect, including effects on platelet, arterial smooth muscle, and endothelial cell function. 5 However, given the observation that lipidladen macrophages are a hallmark of the atherosclerotic lesion, the ability of endogenously synthesized apoE to facilitate macrophage lipid efflux likely represents an important aspect of its atheroprotective function. 6, 7 Facilitation of macrophage efflux would limit the conversion of macrophages to lipid-laden foam cells in the vessel wall and thereby prevent downstream deleterious effects. 8 Recently, an important role for the ATP-binding cassette (ABC) transporter family of proteins has been established for modulating lipid efflux from a number of cell types. 9 In macrophages, a primary role has been established for the ABCA1 transporter. 10 In vitro, the absence of the ABCA1 transporter, or inhibition of its function, eliminates sterol and phospholipid efflux from a number of cell types to extracellular lipid-free apolipoproteins. 11, 12 Similar to what has been described for apoE, macrophage-specific expression of ABCA1 modulates atherosclerosis in vivo. 13, 14 ABCA1 is an integral membrane protein, whereas 40% to 60% of macrophage apoE is secreted. Because apoE is secreted, it may facilitate sterol efflux from cells using autocrine or paracrine mechanisms. 15 Furthermore, autocrine stimulation of sterol efflux by endogenous expression of apoE could result from the interaction of secreted apoE with elements of the plasma membrane on the cell of origin or, alternatively, depend on its intracellular synthesis and movement through internal cellular membranes before secretion.
We have previously reported the results of studies suggesting that apoE could mediate sterol efflux independent of ABCA1 expression. 16 For these studies we used cAMP to induce ABCA1 expression, and 4,4Јdiisothiocyanatostilbene-2,2Ј-disulfonic acid to inhibit ABCA1 function. However, recent reports emphasize the complexity of protein kinase A effects on cellular cholesterol metabolism, 17 and there is evidence regarding the lack of specificity of 4,4Ј-diisothiocyanatostilbene-2,2Јdisulfonic acid for ABCA1. To deal with these issues, we used cell models with a genetic absence of ABCA1 to avoid confounding cellular effects of pharmacological inducers or inhibitors. In addition, using current models, we were also able to evaluate the relationship between apoE and ABCA1-mediated efflux in cholesterol-loaded cells. Furthermore, we evaluated macrophages in which we manipulated both apoE and ABCA1 expression using small interfering RNA (siRNA) to evaluate the effect on efflux. The results of these investigations unequivocally demonstrate the existence of a sterol efflux pathway dependent on the intracellular synthesis and/or transport of apoE, but independent of ABCA1 expression.
Methods Materials
A polyclonal rabbit antiserum was prepared against amino acids 2071 to 2261 of ABCA1. The ABCA1 polypeptide was prepared as described previously. 18 All of the other materials were from previously described sources. 6, 7, 19, 20 Cell Isolation and Culture ABCA1Ϫ/ϩ mice breeders were purchased from the Jackson Laboratory. Offspring were genotyped using the vendor's protocol. For establishing mouse dermal fibroblast (MDF) lines, full-thickness skin was harvested, minced, and cultured in DMEM with10% FBS for 3 to 5 days. Fibroblast outgrowths were collected by trypsinization and passaged 2 to 6 times. Mouse peritoneal macrophages (MPMs) were harvested by peritoneal lavage with sterile PBS using 10-to 12-week-old mice. MPMs were seeded into 12-well dishes and cultured for 10 days before use in experiments. To obtain RAW-E and RAW-C cells, RAW 264.7 cells (which do not express endogenous apoE) were obtained from American Type Culture Collection and stably transfected to constitutively express a human apoE3 cDNA controlled by the cytomegalovirus promoter in a neomycinresistance vector (RAW-E cells) or a resistance vector alone (RAW-C cells) as described previously. 19 
Adenovirus Infection of MDFs
MDFs were plated in 35-mm dishes and grown to 50% to 70% confluence. After 3 washes, cells were infected with a full-length human apoE3 adenovirus (kindly provided by Dr. Catherine Reardon, University of Chicago) or a LacZ control adenovirus in DMEM at a multiplicity of infection of 100 for 4 hours. Cells were washed, and fresh growth medium was added for an overnight incubation to allow for expression of apoE. MDF Ϫ/Ϫ and MDFϩ/ϩ cells with equivalent levels of adenoviral apoE expression were used for evaluation of apoE-mediated efflux.
Modulation of ABCA1 and ApoE Expression by siRNA
Cells were seeded in 12-well plates and grown to 50% confluence in DMEM and 10% FBS. siRNAs to mouse ABCA1 (5ЈGUGGCCUG-GCCUCUCUUUAddT3Ј), mouse apoE (5ЈGGCUUACAAAAAG-GAGCUGtt3Ј), or control siRNA were mixed with RNAiFect (Qiagen) or Trans IT-TKO (Takara Mirus Bio) to allow formation of a transfection complex. Cells were washed with DMEM and incubated with siRNA complexes (1 nM of siRNA) in DMEM for 6 hours. The efficacy of the siRNA incubation for reducing apoE or ABCA1 protein expression was monitored by immunoblot. 20 Reduction in target protein expression after siRNA incubations averaged 64%.
Lipid Assays
Cells were labeled with 3 [H]cholesterol (1 Ci/mL) and/or 14 [C]choline (0.5Ci/mL) in DMEM with 10% FBS for 48 hour. 3 [H]cholesterol was added in ethanol vehicle, and the final ethanol concentration in the medium was 0.4%. After labeling, cells were washed 3 times with DMEM in 0.1% BSA and incubated with adenovirus or siRNA (as indicated in the table or figure legends). Cells were washed, and fresh growth medium was added overnight to allow the cells to recover from the adenovirus or siRNA incubation. Before the start of the efflux incubation, the cells were washed 3 times with DMEM plus 0.1% BSA, and the efflux incubation was initiated by the addition of fresh 0.1% BSA in DMEM. For efflux incubations with cholesterol-loaded cells, the efflux medium contained 5 g/mL S58035 to inhibit acyl CoA:cholesterol acyltransferase-mediated cholesterol esterification. Culture supernatants were harvested at time points indicated in each figure. Medium samples were centrifuged at 2500 rpm for 15 minutes at 4°C to pellet-detached cells, and radioactivity in the medium was measured by liquid scintillation counting. Radioactivity in cells was measured in hexane:isopropranol (3:2) extracts. The percentage of lipid efflux is calculated as the disintegrations per minute present in the medium divided by the disintegrations per minute in cells at the beginning of the efflux period. Cell protein was assayed using a DC protein kit (Bio-Rad). Cholesterol:methyl-␤-cyclodextrin (M␤CD) complexes were used in some experiments to increase cellular cholesterol content and were prepared in a 1:6 molar ratio. Cellular cholesterol mass was measured enzymatically in hexane/isopropanol extracts.
ApoE Synthesis and Secretion
MPMs were grown in 12-well plates for 10 days. After washing, cells were pulse labeled using methionine-free DMEM containing 100 Ci/mL 35 [S]methionine for 45 minutes. After washing, cells were chased in DMEM and 0.1% BSA with 500 mol/L cold methionine for 90 minutes. Cell lysate and medium samples were used for quantitative immunoprecipitation of apoE, as described previously. 19 The secreted apoE at the end of the 90-minute chase was calculated as a percentage of total cellular apoE present at the end of the pulse-labeling period.
Statistical Analysis
The results of representative experiments are expressed as meanϮSD of triplicate determinations for each group. The significance of differences was analyzed by ANOVA using SPSS.
Results
For the first series of experiments, MDFs were established from ABCA1 Ϫ/Ϫ or wild-type (WT) littermates. In initial studies, we demonstrated that there was no increase of sterol efflux to lipid-free exogenous apoA1 from MDFs isolated from ABCA1 Ϫ/Ϫ mice, confirming the complete absence of functional ABCA1 (data not shown). As an initial approach to determining the relationship between ABCA1 and endogenously expressed apoE for cellular lipid efflux, WT or ABCA1 Ϫ/Ϫ MDFs were transduced with an adenovirus specifying expression of LacZ (as a control) or apoE. Adenoviralmediated cellular apoE expression ( Figure 1C ) was equivalent in MDFϩ/ϩ and MDF Ϫ/Ϫ cells. The endogenous expression of apoE significantly increased sterol and phospholipid efflux from both WT and ABCA1 Ϫ/Ϫ cells ( Figure  1A and 1B); that is, apoE expression enhanced lipid efflux in an ABCA1-independent manner.
The adenoviral expression of apoE in MDF cells leads to the accumulation of extracellular apoE in the medium over the 24-hour time course of efflux measurements. We, therefore, determined whether this extracellular apoE contributed to the apoE-dependent efflux observed in Figure 1 and how this related to the expression of ABCA1. ApoE-containing medium was collected from WT MDFs infected with an apoE-expressing adenovirus over 24 hours, or, as a control, from WT MDFs infected with a LacZ adenovirus. Each of these was then added to recipient WT or ABCA1 Ϫ/Ϫ MDFs. The exogenous addition of apoE-containing medium produced efflux from WT but not from ABCA1 Ϫ/Ϫ MDFs (Figure 2 ). These results indicate that the extracellular accumulation of apoE, produced by its endogenous expression, facilitates sterol efflux only via an ABCA1-dependent mechanism. Furthermore, they provide important evidence that the ABCA1-independent efflux that results from the endogenous expression of apoE ( Figure 1 ) cannot be related to its extracellular accumulation, because extracellular apoE does not stimulate efflux from ABCA1 Ϫ/Ϫ cells.
We have shown previously that loading cells with sterol substantially enhances the increment in sterol efflux produced by the endogenous expression of apoE. 7 We next evaluated whether this enhanced efflux response was dependent on the presence of ABCA1. Sterol content in WT or ABCA1 Ϫ/Ϫ MDFs was increased using cholesterol/M␤CD complexes, and the effect of endogenous apoE expression on sterol efflux was evaluated. Incubation with cholesterol/M␤CD complexes increased the total cholesterol content to 265.4Ϯ11.5 and 329.4Ϯ29.7 g/mg protein, respectively, in WT and ABCA1 Ϫ/Ϫ cells. These cellular sterol levels are similar to levels reported by others using similar sterol-loading conditions. 21, 22 The expression of apoE significantly increased sterol efflux from both WT and ABCA1 Ϫ/Ϫ sterol-loaded cells ( Table 1 ). The expression of endogenous apoE almost doubled sterol efflux from sterol-loaded ABCA1 Ϫ/Ϫ cells (from 6.5% to 11.0%) over 24 hours. We next performed experiments to compare the net reduction of cellular sterol mass produced by expressing apoE in ABCA1-deficient MDFs to that produced by adding exogenous apoA1 to WT MDFs. Before efflux incubations, cells were sterol-loaded using cholesterol:M␤CD complexes. As shown in Table 2 , either the addition of exogenous apoA1 to WT MDF or the expression of apoE in ABCA1 Ϫ/Ϫ MDF produced substantial reduction of cell sterol mass.
We next evaluated the interaction between apoE and ABCA1-dependent efflux in 2 complementary macrophage ApoE adenovirus 21.6Ϯ1.5* 11.0Ϯ0.82* MDF from ABCA1 knockout or WT mice were loaded with 10 g/mL cholesterol complexed to M␤CD and tranduced with an apoE-expressing or control adenovirus as described in Methods. Sterol efflux was measured for 24 h in 0.1% BSA/DMEM with 5 g/mL S58035. *PϽ0.01 for the increase in sterol efflux produced by apoE expression.
models. We first used the RAW 264.7 mouse macrophage line that does not express its endogenous apoE gene and generated clones with constitutive expression of apoE by stable transfection. ApoE-expressing clones were selected that produced 0.8 to 1.2 g of apoE per milligram of cell protein over 24 hours in serum-free medium, similar to levels produced by mature human monocyte-derived macrophages. 6 These cells were then used to determine whether reduction of ABCA1 expression (using an siRNA) would reduce the apoE-dependent increment in efflux. Expression of apoE in the RAW 264.7 macrophage line produced a significant increment in sterol efflux ( Figure 3A) . Incubation with an ABCA1 siRNA produced a significant reduction of apoA1mediated efflux (compare hatched bars in Figure 3A ) and ABCA1 expression ( Figure 3B ) but did not reduce the incremental increase in sterol efflux produced by apoE expression (compare solid bars in Figure 3A ). The above experiment demonstrated that the increment in sterol efflux produced by macrophage apoE expression is not reduced by suppression of ABCA1 expression. We next took a complementary approach and determined whether suppressing apoE expression in the absence of ABCA1 would reduce sterol efflux. MPMs were harvested from WT or ABCA1 Ϫ/Ϫ mice to compare the effect of reducing apoE expression on efflux. Using biosynthetic labeling and quantitative immunoprecipitation, we first confirmed observations 23 that apoE secretion is reduced from ABCA1 Ϫ/Ϫ macrophages. In pulsechase experiments, apoE synthesis (measured after a 45minute pulse-labeling period) was similar in WT versus ABCA1 Ϫ/Ϫ MPMs, but apoE secretion (measured after a 90-minute chase) was decreased by 49% (data not shown). WT and ABCA1 Ϫ/Ϫ macrophages were incubated with an siRNA for apoE. This incubation reduced apoE present in cell lysates by Ͼ80% ( Figure 4B ) and reduced sterol efflux from both WT and ABCA1 Ϫ/Ϫ mouse peritoneal macrophages ( Figure 4A ). In ABCA1 Ϫ/Ϫ macrophages, suppressing apoE expression reduced sterol efflux from 4.0% to 2.8% over 6 hours (PϽ0.05). Therefore, in aggregate, the results in Figure  4A show that sterol efflux is lower in ABCA1 Ϫ/Ϫ macrophages compared with WT macrophages exposed to a control siRNA, likely related to both absent ABCA1 expression and reduced apoE secretion subsequent to absent ABCA1 expression. However, additional reduction of apoE expression in ABCA1 Ϫ/Ϫ macrophages produces an additional significant decrease in sterol efflux.
Discussion
The studies in this report clearly establish that the expression of endogenous apoE can mediate lipid efflux from cells independent of ABCA1 expression. Furthermore, these studies provide evidence that the sterol efflux produced by the extracellular accumulation of endogenously synthesized apoE is completely dependent on the expression of ABCA1. The ABCA1-independent efflux produced by endogenous cellular apoE expression, therefore, results entirely from the intracellular synthesis and transport of nascent apoE. Thus, apoEexpressing cells, most significantly macrophages, can utilize a novel efflux pathway that functions independently of ABCA1 expression to defend cell sterol balance. We have reported previously that the endogenous expression of apoE is more effective for stimulating macrophage sterol efflux compared with its exogenous addition, even when exogenous apoE is added at a final concentration that far exceeds that produced by the endogenous expression of apoE. 7 The results in this report provide a mechanism for this observation. The endogenous synthesis of apoE produces efflux by ABCA1- MDFs from ABCA1 knockout or WT mice were loaded with 5 g/mL cholesterol complexed to M␤CD as described in Methods. ABCA1 knockout MDFs were transduced with LacZ or apoE adenovirus. For each cell type, the baseline total cholesterol mass is that amount present before a 24-h efflux incubation in 0.2% BSA with 5 g/mL S58035. ApoA1 (5 g/mL) was added to WT MDF. The fall in cell sterol with addition of apoA1 to WT MDF compared with baseline is significant at PϽ0.01. The fall in cell sterol with apoE expression in ABCA1 knockout MDF compared with baseline or LacZ expression is significant at PϽ0.01. Figure 3 . Effect of reduced ABCA1 expression on apoEdependent sterol efflux from macrophages. A, RAW-C and RAW-E cells were labeled with 1 Ci/mL 3 [H]cholesterol for 48 hours in 10% FBS/DMEM. Cells were incubated with an siRNA to ABCA1 or a control siRNA, and sterol efflux was measured over 4 hours as described in Methods. ApoA1 (10 g/mL) was added where indicated. Results are meanϮSD from triplicate samples. *PϽ0.05 for the difference in efflux between RAW-C and RAW-E cells. B, Cell lysates from RAW cells treated with a control or ABCA1 siRNA were used for ABCA1 immunoblot as described in Methods.
independent and -dependent pathways, whereas its exogenous addition uses the ABCA1-dependent pathway only.
In most experiments, lipid efflux was higher when ABCA1 expression was intact. In the case of macrophages or of MDFs infected with an apoE adenovirus, this could be explained by the ABCA1-dependent component of apoE-mediated efflux. We also noted, however, that lipid release was lower from ABCA1 Ϫ/Ϫ compared with WT MDFs (Figure 1 ) and from RAW cells incubated with an ABCA1 siRNA ( Figure 3) , even in the absence of apoE expression. It has been shown that ABCA1 facilitates transport of lipid from internal membranes to the plasma membrane and also modulates the distribution of plasma membrane sterol between raft and nonraft domains. These effects of ABCA1 expression can be observed even in the absence of extracellular apolipoprotein acceptors. 24, 25 It has also been shown that BSA can be a nonspecific, low-affinity but high-capacity acceptor for plasma membrane sterol. 26 Therefore, the reduction of efflux observed from ABCA1 Ϫ/Ϫ cells in the presence of BSA alone may be related to a reduced availability of plasma membrane lipid for nonspecific release to this high-capacity acceptor. Our results also show that sterol efflux mediated by endogenous apoE expression is substantially magnified in cells that are enriched with sterol (Tables 1 and 2 ). This occurs in both WT and ABCA1 Ϫ/Ϫ cells. In ABCA1 Ϫ/Ϫ cells, the increment in efflux cannot relate to any effect of sterol on ABCA1 expression, and we hypothesize that the effect of sterol loading to enhance sterol efflux in ABCA1 Ϫ/Ϫ cells could be mediated by sterol enrichment of cellular membranes used as a source for lipid efflux by endogenous apoE.
What mechanisms can be considered for the lipid efflux facilitated by endogenous expression of apoE? Scavenger receptor (SR)-BI is expressed by macrophages and can, under some circumstances, facilitate sterol efflux. [27] [28] [29] However, SR-BI is not likely involved in the current observations, because we have shown previously that increased SR-BI expression in macrophages reduces the sterol efflux that is dependent on the endogenous expression of apoE. 29 Other laboratories have reported ABCA1-independent efflux to exogenous apoA1 or to exogenous synthetic amphipathic helical peptides; 30, 31 and the involvement of other ABC transporters has been suggested. Macrophages have been shown to express ABCG1 and ABCA7. [32] [33] [34] [35] [36] [37] However, ABCG1 is most effective in promoting efflux to high-density lipoprotein particles and is ineffective when lipid-poor apolipoproteins are provided as acceptors. The role of ABCA7 for facilitating macrophage lipid efflux is less clear. 32, 33 Cholesterol and phospholipid efflux do not differ in macrophages isolated from ABCA7 null mice compared with controls, suggesting that ABCA7 may not play an important role in modulating macrophage lipid flux. 36 The results in this report ( Figure 2 ) argue that ABCA1 is the primary ABC transporter for mediating sterol efflux to cell-derived extracellular apoE.
It is easy to envision that endogenously synthesized apoE may not require the function of a lipid transporter or of a plasma membrane receptor to facilitate lipid efflux from cells. The endogenous synthesis and movement of apoE through cellular membranes comprising the endoplasmic reticulum, Golgi, secretory vesicles, and, finally, the plasma membrane may facilitate solublization of membrane lipid by apoE COOH-terminal amphipathic ␣-helical domains with subsequent assembly of a lipid-containing particle before release of apoE from the cell. The secretion of apoE already complexed to cellular membrane sterol and phospholipid would produce a net loss of lipid from macrophages. Consistent with this notion, we have shown previously that the lipid composition of intracellular membranes is an important factor for regulating the post-translational handling of apoE in the macrophage. 20, 38 Our observations establish a novel pathway for sterol and phospholipid efflux that is available to cells that synthesize apoE. The cellular synthesis of apoE stimulates sterol efflux by both ABCA1-dependent and -independent pathways. For the former pathway, endogenously synthesized apoE accumulates in the pericellular space and acquires cellular lipid via an ABCA1-dependent pathway. This pathway could involve ABCA1-dependent internalization and recycling of pericellular apoE. 39 For the ABCA1-independent pathway, the intracellular synthesis and transport of apoE through internal membranes before secretion is required.
In several of our experiments, it is possible to compare the magnitude of sterol efflux mediated by ABCA1-apoA1 interactions compared with that mediated by an apoE-dependent, but ABCA1-independent, pathway. In RAW cells, the addition of exogenous apoA1 (10 g/mL) increases sterol efflux from 2.5% to 15% (Figure 3 ). In the same experiment, the expression of endogenous apoE, after knockdown of ABCA1 expression, increases sterol efflux from 1.6% to 3.8%. In cholesterol-loaded MDFs (Table 2) , the addition of exogenous apoA1 reduced cell sterol content by 19%. The expression of apoE in ABCA1 Ϫ/Ϫ MDFs reduced cell sterol by 23% (compared with LacZ expression). In these experimental . Effect of reduced apoE expression on sterol efflux from ABCA1 Ϫ/Ϫ macrophages. A, MPMs from ABCA1 knockout (KO) or WT mice were labeled with 1 Ci/mL 3 [H]cholesterol in 10% FBS/ DMEM for 48 hours. Cells were incubated with siRNA to apoE or with a control siRNA, and sterol efflux was measured over 6 hours in 0.1% BSA/DMEM with 1 mg/mL phosphatidylcholine liposomes 7 as described in Methods. The results are presented as meanϮSD from triplicate samples. *PϽ0.05 for the decrease in sterol efflux produced by the apoE siRNA. B, Cell lysates from mouse peritoneal macrophages treated with a control or apoE siRNA were used for apoE immunoblot as described in Methods. models, therefore, the ABCA1-apoA1 pathway, and the apoE-dependent but A␤CA1-independent pathway, can each mediate significant sterol efflux from cells. The relative importance of each of these efflux pathways in vivo may be difficult to predict. Macrophage-specific deletion of either ABCA1 or apoE leads to increased atherosclerosis and macrophage-derived vessel wall foam cell formation. This observation suggests that each pathway plays an important and unique role in defending vessel wall lipid homeostasis.
